We describe the evolution of coastal retrogressive thaw slumps (RTSs)
based on ground ice contents, surficial geology and geomorphology (Lantuit et al., 2012b; Couture, 2010; Lantuit and Pollard, 2005) . Most segments fall into three surficial geologic unit: ice-thrust moraines (30%); lacustrine plains (23%) and rolling moraines (16%). Alluvial fans, stream terraces, floodplains, and outwash plains underlay the remaining segments (Rampton, 1982) . The coast is rapidly retreating (Harper, 1990) : during the period 1951-2011, the average rate of coastal change was -0.7 m/yr and was characterized by decreasing erosion rates from West to East . RTSs are 5 common along the coast and mostly develop on segments with massive ground ice thicker than 1.5 m and coastal slope greater than 3.9° (Ramage et al., 2017) . Dyke and Prest (1987) and the surficial sediments after Rampton (1982) . The numbers stand for the coastal 10 segments stretching along the coast from west to east: 1) Clarence Lagoon West; 2) Clarence Lagoon East; 3) Komakuk Beach West 2; 4) Komakuk Beach West 1; 5) Komakuk Beach; 6) Malcom River Fan; 7) Malcom River Fan with barrier Biogeosciences Discuss., https://doi.org /10.5194/bg-2017-437 Manuscript under review for journal Biogeosciences Discussion started: 26 October 2017 c Author(s) 2017. CC BY 4.0 License.
Methods

Evolution of RTSs
We used two data inputs to measure the Ramage et al. (2016) provided dataset A. RTSs present in 2011 were mapped based on multispectral GeoEye-1 and WorldView-2 satellite images acquired in July, August and September 2011. RTSs present in 1972 were mapped using a series of geocoded aerial photographs from the 1970s obtained from the National Air Photo Library in Canada . The mapping methodology is explained in detail in Ramage et al. (2017) .
Dataset B comprises RTSs present in 1952 that we mapped using a series of geocoded aerial photographs from 1952, 5 obtained from the National Air Photo Library in Canada .
We compared the number and size of RTSs present in 1952 RTSs present in , in 1972 RTSs present in and in 2011 RTSs are polycyclic and can occur on surfaces previously affected by RTS. As a result, several active RTSs can be located within the boundary of a stable RTS (Fig. 2) . In this case, stable polycyclic RTSs include the areal surfaces of active RTSs located within their boundaries. 
Volume estimations
LiDAR dataset
For each RTS identified in 2011 we extracted morphological information -size and mean surface elevation -from an airborne LiDAR dataset acquired in July 2013 (Kohnert et al., 2014) . The LiDAR dataset has a scan width of 500 m; the LiDAR point data was interpolated with inverse distance weighting to obtain digital elevation models with a horizontal 15 resolution of 1 m (Obu et al., 2016) . The LiDAR dataset has a final georeferenced point cloud data vertical accuracy of 0.15 ± 0.1 m and covers 80% of the coastline in our study area.
We selected a subset of the 2011 RTSs dataset comprising RTSs that occurred within the boundary of the LiDAR dataset in order to measure the volume of eroded material from RTSs, (Fig. 1) . We discarded all RTSs outside of the LiDAR scan from the volume and flux analyses (n = 125). 20
Additionally to the RTSs present in 2011 within the LiDAR area, we defined a subgroup with RTSs present in 2011 on surfaces not affected by slumping before 1972; we defined this subgroup as RTSs initiated after 1972.
Interpolation method
We applied a regularized spline interpolation technique to model pre-slump topographies used for calculating the volume of material eroded through slumping. The spline method allows to estimate elevation points outside the range of input sample 25 points and to minimize the total curvature of the surface. We therefore selected spline among other interpolation methods.
We based our interpolation on the extensive point elevation data available for the study area from the LiDAR dataset (Fig.   3 ).
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Volume of eroded material
In order to calculate the volume of eroded material from the RTS identified in 2011, we subtracted the mean surface elevation values obtained from the LiDAR dataset from the mean interpolated surface elevation values (Fig. 3 ). Due to 10 ground ice melting, a part of the sediments subside and remain compacted in the RTS floor (Obu et al., 2016) . Moreover, coastal retreat erodes the base of RTSs. We did not account for these processes in our analyses.
We derived the volume of eroded ice (VI) and sediments (VS) for each RTS using the volumetric ice content provided in Couture and Pollard (2017) . We derived the mass of sediments eroded per RTS using the values provided in Couture (2010) . 
Estimates of soil and dissolved organic carbon values
We estimated mobilized SOC and DOC stocks and fluxes from RTSs based on the values provided in Couture (2010) and Tanski et al. (2016) . OC values were derived from in-situ measurements (Tanski et al., 2016; Couture, 2010) and were available for each coastal segment. 5
SOC and DOC stocks
We used Equation (1) to estimate the stocks of SOC eroded from RTSs:
where RTS SSOC is the stock of SOC eroded from RTSs (expressed in kg); M CTj is the mass of SOC in the upper 1 m (expressed in kg) per coastal segment j out of m total; A i is the surface area of an RTS i out of n total (expressed in m 2 ); M CBj 10 is the mass of SOC in the lower soil column (expressed in kg), per coastal segment j; and VS i is the volume of sediment eroded by per RTS (expressed in m 3 ). M CTj and M CBj take into account differences in dry bulk density per coastal segment j (Couture, 2010) . We used Equation (2) to estimate the stocks of DOC eroded from RTSs:
where RTS SDOC is the total stock of DOC eroded from RTSs (expressed in kg); D j is the amount of DOC per coastal segment 15 j (expressed in kg/m 3 ); and VI i is the volume of ice eroded from a RTS (expressed in m 3 ). D j is given per coastal segment j (Tanski et al., 2016) .
SOC and DOC fluxes
We calculated the flux of material -including ice and sediments -as well as SOC and DOC fluxes for the RTSs initiated after 1972. To calculate the SOC flux we used Equation ( The total areal coverage (sum of the total RTSs sizes) expanded by 14% between 1952 and 2011 (Table 2) and was observed in all geologic units. This expansion was driven by an increase in the areal coverage of stable RTSs (25%); the areal coverage of active RTSs decreased by 2% ( Table 2) Among RTSs present in 2011, 119 initiated after 1972 on previously undisturbed surfaces: in 2011, 72 were still active and 47 had stabilized (Table 1) . RTSs initiated after 1972 were on average smaller than other RTSs (Table 2) , and occupied 98.6 ha of the whole study area, or 22% of the total area affected by RTSs in 2011. Most of the RTSs initiated after 1972 (74%) 10 developed on ice-thrust moraines.
Eroded material and estimated amount of mobilized SOC and DOC
In the following sections, volumes are computed for the RTSs that occurred within the LiDAR area. This comprises 56% of the total number of RTSs (n = 162) and 41% of the number of RTSs initiated after 1972 (n = 49). 15 Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-437 Manuscript under review for journal Biogeosciences Discussion started: 26 October 2017 c Author(s) 2017. CC BY 4.0 License.
Eroded material and OC stocks mobilized from RTSs
The total volume of material displaced by 162 RTSs was 8600*10 3 m 3 , 54% of which was ice (S1 , Table S1 ). On average each RTS eroded 53*10 3 m 3 of material. The volume of eroded material was positively correlated to the size of the RTSs (r 2 = 0.5, p < 0.05). Overall, 64% of the material reworked by RTSs originated from ice-thrust moraines, 19% from rolling moraines and 17% from lacustrine plains (Table 3) The largest volumes of eroded material came from RTSs occurring at the glaciation limit (Fig. 4) . The 24 RTSs located on Herschel Island East (segment 13) reworked 25% of the total volume of material displaced by the 162 RTSs. The RTSs located on Herschel Islands West (segment 11) had the highest volume of material eroded per RTS, on average 2% of the total volume of material displaced by RTSs (Fig. 4) . Ice-thrust moraine deposits underlie both coastal segments 11 and 13. 15 Between 1952 and 2011, the 162 RTSs reworked 8146.6*10 3 kg of sediments (S1 , Table S1 ), mobilizing a total SOC stock of 81900*10 3 kg, with the upper 1 m of soil contributing 56%. RTSs on ice-thrust moraines contributed to 69% of the total SOC stock. Out of this, RTSs on Herschel Island West and East (segments 11 and 13) mobilized 47% of the total SOC stock.
RTSs on ice-thrust moraines mobilized 65% of the total DOC stock mobilized by the 162 RTSs (156*10 3 kg) (S1 , Table S1 ). 10
Eroded material and OC fluxes from RTSs initiated after 1972
The 49 RTSs initiated after 1972 eroded a volume of material of 8.6*10 3 m 3 /yr between 1972 and 2011, 50% of which was ice (S1 , Table S1 ). This represents 4% of the total volume of material eroded by the 162 RTSs. The RTS initiated after 1972 on Herschel Island North (segment 12) reworked the largest volume of material: 17*10 3 m 3 /RTS (Fig. 5) . In total, 95% of the reworked material from RTSs initiated after 1972 came from those located on ice-thrust moraines (Table 4) . However, the 15 largest volumes of material per RTS initiated after 1972 came from lacustrine plains (926.5 m 3 /RTS). Table S1 ). On ice-thrust moraines, RTSs initiated after 1972 mobilized 92% of the total SOC flux ( Table 5 ). The total DOC flux from RTSs initiated after 1972 was 182.6 kg/yr, with high variability between the coastal segments: from 0.6 kg/yr to 15 122.7 kg/yr (S1, Table S1 ). The highest DOC fluxes came from ice-thrust moraines from Herschel Island North (segment 12) where 12 RTSs initiated after 1972 mobilized a total flux of 122.7 kg/yr of DOC (Table 5 ). 5 Discussion
Acceleration of slump activity 10
The number of RTSs along the Yukon Coast increased by 73% between 1952 and 2011, when on average 2 RTSs initiated per year. The rise was more pronounced between 1952 and 1972 and the number of RTSs continued to increase steadily between 1972 and 2011. The evolution of RTSs along the Yukon Coast is consistent with the observations made in other parts of the Canadian Arctic, where RTS activity is accelerating since the 1950s (Segal et al., 2016; Lacelle et al., 2010; Lantz and Kokelj, 2008; Lantuit and Pollard, 2008) . Lantuit and Pollard (2008) showed that the number of RTSs on Herschel 15 Island increased by 61% between 1952 and 2000. RTSs develop following changes that affect geomorphic settings (Ramage et al., 2017; Kokelj et al., 2017) and are induced by climatic conditions -such as increased air temperature (Lacelle et al., 2010) , precipitation events (Kokelj et al., 2015; Lacelle et al., 2010) and storm events (Lantuit et al., 2012a; Lantuit and Pollard, 2008; Dallimore et al., 1996) . Many RTSs that were stable or stabilized between 1952 and 1972 re-activated between 1972 and 2011. Our results confirm the pattern of RTS reactivation previously observed on Herschel Island (Lantuit 20 and Pollard, 2008) and between Kay Point and Shingle Point (Wolfe and Dallimore, 2001 ) and referred to as polycyclicity.
Reactivation of RTSs is associated with incomplete melting of massive ice during the first period of RTS development (Burn, 2000) and depends on the capacity of the slump headwall to remain exposed until ice is exhausted. In coastal settings, storm events can re-activate RTSs (Lantuit et al., 2012a) . The period of RTS activity partly depends on the equilibrium between thermodenudation and coastal erosion rates: the RTS remains active if the RTS headwall erodes at a rate exceeding 25 Biogeosciences Discuss., https://doi.org /10.5194/bg-2017-437 Manuscript under review for journal Biogeosciences Discussion started: 26 October 2017 c Author(s) 2017. CC BY 4.0 License. coastal retreat (Lantuit et al., 2012a; Are, 1999) . This equilibrium is strongly linked to the changing climatic and sea conditions that act on coastal retreat, such as storm events and sea ice duration.
Along the Yukon Coast, RTSs developed mainly on ice-thrust moraines, where their number increased by 1.1 RTS/yr throughout the whole period. Differences in ice content and coastal geomorphology explain the disparities in the evolution of 5
RTSs observed among geologic units (Ramage et al., 2017; Lewkowicz, 1987) 
Eroded material from RTSs
According to our estimates, RTSs have reworked at least 8600*10 (Günther et al., 2015) . The size of the observed RTSs is one reason behind such differences: most of the RTSs examined in the above studies are classified as mega slumps (> 0.5 ha). RTSs along the Yukon coast are small, with an average size of 0.2 ha (Ramage et al., 2017) . Furthermore, our estimates do not 25 include all of the material eroded by the RTSs; they only represent the amount of material released to the nearshore zone through slumping. We did not include the material eroded from the RTS headwalls that settles within the RTS floors and the material eroded and transported alongshore by coastal erosion (Fig. 6) .
Biogeosciences Discuss., https://doi.org /10.5194/bg-2017-437 Manuscript under review for journal Biogeosciences Discussion started: 26 October 2017 c Author(s) 2017. CC BY 4.0 License. On average, 5.5% of the material eroded from RTSs within a year is temporarily accumulated in RTS floors (Obu et al., 2016) . There, melted ground ice and sediments are mixed and water transports most of the sediments to the nearshore zone.
Without enough viscous flow, the remaining part of the sediments accumulates within the RTS floor and settles. The settlement is noticeable through the higher bulk densities in samples from RTS floors (Tanski et al., 2017; Lantuit et al., 10 2012a ). Another part of the material mobilized through slumping is transported alongshore by coastal erosion (Fig. 6 ). In our study area, RTSs incised 8.3% (15.8 km) of the coastline in 2011 and the average rate of coastal change is -0.7 m/yr . Couture (2010) estimated to 7.3*10 6 kg/km the annual flux of material eroded by coastal retreat along the Yukon Coast. Scaled to the 190-km LiDAR scan in this study, the annual flux of eroded material is 1387*10 6 kg/yr. We estimate that RTSs contribute to 8.3% (111*10 6 kg) of the annual material budget eroded from coastal erosion along the 15 Yukon Coast.
Calculated OC fluxes
We estimated the annual OC fluxes (SOC and DOC) from 49 RTSs initiated after 1972 to 82. 
Impact of RTSs on the coastal ecosystem
RTSs erode surfaces and leave scars on the landscape, impacting the coastal fringe ecosystems. RTSs alter vegetation composition and their effects on the vegetation persist over centuries even after stabilization of the RTSs (Cray and Pollard, 15 2015; Lantz et al., 2009) . Similarly, RTSs also play an important role for the coastal ecosystem because they mobilize carbon prior to its release to the ocean and modify the amount of carbon available for the coastal ecosystem (Tanski et al., 2017; Cassidy and Henry, 2016; Pizano et al., 2014) . Tanski et al. (2017) show that TOC and DOC decrease by 77% and 55% before reaching the nearshore zone and most of the degradation and mineralization take place within RTS floors. Abbott et al. (2015) describe similar processes for RTSs located in upland areas, where they observed the removal of 51% of 20 organic-layer SOC and an average loss of 21 kg/m 2 mineral-layer SOC following the development of RTSs. Part of this carbon is released to the atmosphere as CO 2 (Cassidy and Henry, 2016) , another part is buried and accumulates in the RTS floor and the rest is transported through streams and eventually reaches the nearshore zone (Tanski et al., 2017) . Kokelj et al. (2013) showed that RTSs strongly impact stream sediment transport by raising the stream turbidity and the concentration of total suspended sediments. 25
Similarly, RTSs impact coastal processes by altering coastal retreat (Obu et al., 2016; Lantuit and Pollard, 2008; Leibman et al., 2008) . Spatial variability of coastal erosion along the Yukon Coast is partly related to RTS activity: sections of the coast affected by intense slumping activity have the strongest volumetric values of erosion and accumulation (Obu et al., 2016) .
The impact of RTSs on the ecosystem is important even though RTSs are transient phenomena in coastal setting. The material reworked by RTSs is not an additional contribution to the coastal budget, but a part of the cliff material that is 30 eventually eroded by coastal retreat. While the OC mobilized through cliff erosion is transported in the nearshore zone (Vonk et al., 2012) a fraction (5.5%) of the OC mobilized through slumping remains for several years in the slump floor (Tanski et al., 2017; Obu et al., 2016) , where it is mineralized by microorganisms.
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